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Abstract Astrocytes are multitasking players in brain

complexity, possessing several receptors and mechanisms

to detect, participate and modulate neuronal communica-

tion. The functionality of astrocytes has been mainly

unraveled through the study of primary astrocyte cultures,

and recently our research group characterized a model of

astrocyte cultures derived from adult Wistar rats. We,

herein, aim to characterize other basal functions of these

cells to explore the potential of this model for studying the

adult brain. To characterize the astrocytic phenotype, we

determined the presence of GFAP, GLAST and GLT 1

proteins in cells by immunofluorescence. Next, we deter-

mined the concentrations of thirteen amino acids, ATP,

ADP, adenosine and calcium in astrocyte cultures, as well

as the activities of Na?/K?-ATPase and acetylcholine

esterase. Furthermore, we assessed the presence of the

GABA transporter 1 (GAT 1) and cannabinoid receptor 1

(CB 1) in the astrocytes. Cells demonstrated the presence

of glutamine, consistent with their role in the glutamate–

glutamine cycle, as well as glutamate and D-serine, amino

acids classically known to act as gliotransmitters. ATP was

produced and released by the cells and ADP was con-

sumed. Calcium levels were in agreement with those

reported in the literature, as were the enzymatic activities

measured. The presence of GAT 1 was detected, but the

presence of CB 1 was not, suggesting a decreased neuro-

protective capacity in adult astrocytes under in vitro

conditions. Taken together, our results show cellular

functionality regarding the astrocytic role in gliotransmis-

sion and neurotransmitter management since they are able

to produce and release gliotransmitters and to modulate the

cholinergic and GABAergic systems.

Keywords Adult astrocytes � Gliotransmitters � Amino

acids � Na?/K?-ATPase � AChE

Introduction

Astrocytes are multitasking players in brain complexity,

acting as secretory cells of the central nervous system

(CNS) releasing neurotransmitters, neuromodulators and

trophic factors [1–3]. They sense neural communication, as

is evident by the expression of numerous neurotransmitter

receptors, transporters and enzymes on their membranes

[4]. These cells also release gliotransmitters, such as glu-

tamate, D-serine and ATP, which interact with pre- and

post-synaptic receptors in the tripartite synapse [5–7].

Astrocytes are also primary homeostatic cells of the brain,

and most of their functionality has been unraveled through

the study of primary astrocyte cultures, especially those

related to glutamate and GABA metabolism, their antiox-

idant defense and energy capabilities [8–11].

Recent studies have employed astrocyte cultures derived

from adult rats, which are unsurprisingly different to those

derived from newborn animals, since their connections on

the tissue that they are inserted in are far more complex. As

such, we previously published a routine astrocyte culture

protocol from adult Wistar rats; these cells present classical

astrocytic markers, take up glutamate, and actively par-

ticipate in antioxidant and inflammatory responses [12].

Additionally, these cells presented age-related glial
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responses, including under neurotoxic and neuroprotective

stimuli [13]. However, the presence of gliotransmitters in

adult astrocyte cultures remains unclear.

Na?/K?-ATPase (EC 3.6.1.37) is a crucial enzyme that

is responsible for the generation of membrane potential,

through the active transport of Na? and K? ions in the

CNS, consuming about 60 % of the ATP generated in this

tissue [14]. As astrocytes are involved in the regulation of

ionic homeostasis and the glutamate transporter (highly

dependent on Na? ion), there is a close relationship

between Na?/K?-ATPase and astrocyte functionality [15,

16]. In addition, as well as the gliotransmitters, acetyl-

choline serves as an extracellular signaling substance in the

neural cells. Acetylcholine (ACh) is specifically hydro-

lyzed by acetylcholinesterase (AChE, EC 3.1.1.7) and has

also been associated with astrocytic activity [17].

The amino acid profile, enzymatic activity and neuro-

transmitter management in cultivated cells are useful for

indicating the culture functionality, which is pivotal for the

routine use of a model as a reliable tool when studying

neurochemical properties of the adult brain. Thus, the aim

of this study was to determine some aspects of our adult

astrocyte cultures under basal conditions, such as the

concentration of thirteen amino acids, ATP, ADP and

adenosine (ADO) in the intra and extracellular medium, as

well as the activities of Na?/K?-ATPase and acetyl-

cholinesterase (AChE). Additionally, to study GABAergic

and cannabinoid transmission, the presence of GABA

transporter 1 (GAT 1) and cannabinoid receptor 1 (CB 1)

was assessed in the cells. Morphological analysis of the

glial fibrillary acidic protein (GFAP) and of the excitatory

amino acid transporters, GLAST (EAAT1) and GLT 1

(EAAT2), were performed to ensure the astrocytic pheno-

type of the cultured cells.

Experimental Procedures

Reagents

Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12)

and other materials for cell culture were purchased from

Gibco/Invitrogen (California, USA). Papain was acquired

from Merck (Darmstadt, Germany). DNase, cysteine,

albumin and monoclonal anti-GAPDH were purchased

from Sigma-Aldrich (St. Louis, MO, USA). Nitrocellulose

membrane and an ECL kit were purchased from Amer-

sham (Buckinghamshire, UK). Polyclonal anti-GLAST

and anti-GLT 1 were from Alpha Diagnostics (Texas,

USA), polyclonal anti-GFAP was from Dako (Glostrup,

Denmark), polyclonal anti-GAT 1 was from Merck Mil-

lipore (Darmstadt, Germany) and polyclonal anti-CB 1

was from Santa Cruz Biotechnology (California, USA).

All other chemicals were from common commercial

suppliers.

Animals

Male Wistar rats (90 days old) were obtained from our

breeding colony (Department of Biochemistry, UFRGS,

Brazil) and maintained under a controlled environment

(12 h light/12 h dark cycle; 22 ± 1 �C; ad libitum access

to food and water). All animal experiments were performed

in accordance with the NIH Guide for the Care and Use of

Laboratory Animals and were approved by the Federal

University of Rio Grande do Sul Animal Care and Use

Committee (process number 24419).

Cell Culture Preparation and Maintenance

Male Wistar rats (90 days old) were sacrificed by

decapitation, had their cerebral cortices aseptically dis-

sected and meninges removed. The tissue was digested

using trypsin and papain at 37 �C, as previously described

[12]. After mechanical dissociation and centrifugation, the

cells were resuspended in DMEM/F12 [10 % fetal bovine

serum (FBS), 15 mM HEPES, 14.3 mM NaHCO3, 1 %

Fungizone� and 0.04 % gentamicin], plated on 6- or

24-well plates pre-coated with poly-L-lysine and cultured

at 37 �C in a 5 % CO2 incubator. The cells were seeded at

a density of 3–5 9 105 cells/cm2. Twenty-four hours

later, the culture medium was exchanged; during the 1st

week, the medium was replaced once every 2 days and

from the 2nd week on, once every four days. From the 3rd

week on, the astrocytes received medium supplemented

with 20 % FBS until they reached confluence (at

approximately the 4th week). No dibutyryl cAMP was

added to the culture medium in order to observe the naive

response of the cells. Specific proteins of neurons and

microglia were tested in order to determine the purity of

the astrocyte culture, which was found to be around 95 %

(data not shown).

Immunofluorescence

Immunocytochemistry was performed as described previ-

ously [12]. Briefly, cell cultures were fixed with 4 %

paraformaldehyde for 20 min and permeabilized with

0.1 % Triton X-100 in PBS for 5 min at room temperature.

After blocking overnight with 4 % albumin, the cells were

incubated overnight with anti-GFAP (1:400), anti-GLAST

(1:500) or anti-GLT 1 (1:500) at 4 �C, followed by PBS

washes and incubation with a specific secondary antibody

conjugated with Alexa Fluor� 594 or 488 for 1 h at room

temperature. Cell nuclei were stained with 0.2 mg/mL of

40,60-diamidino-2-phenylindole (DAPI). The cells were
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visualized with a Nikon inverted microscope and the

images were transferred to a computer with a digital

camera (Sound Vision Inc.).

High-Performance Liquid Chromatography
(HPLC) Procedure—Amino Acids

The assay was performed with intra and extracellular

samples to quantify thirteen amino acids [alanine (Ala),

aspartate (Asp), glutamine (Gln), glutamate (Glu), glycine

(Gly), isoleucine (Ile), leucine (Leu), lysine (Lys), ornitine

(Orn), phenylalanine (Phe), D-serine (Ser), tyrosine (Tyr)

and valine (Val), according to [18] ]. Briefly, cells were

homogenized in 7 % trifluoroacetic acid (TFA) and cen-

trifuged. The supernatant was collected, neutralized with

1.5 M potassium bicarbonate and filtered (0.22 lm pore).

Samples were derivatized with o-phthalaldehyde and sep-

aration was carried out with a reverse phase column (Su-

pelcosil LC-18, 250 mm 9 4.6 mm, Supelco) in a

Shimadzu Class-VP chromatography system. The mobile

phase flowed at a rate of 1.4 mL/min and column tem-

perature was 24 �C. Buffer composition was A: 0.04 mol/L

sodium dihydrogen phosphate monohydrate buffer, pH 5.5,

containing 20 % of methanol; B: 0.01 mol/L sodium

dihydrogen phosphate monohydrate buffer, pH 5.5, con-

taining 80 % of methanol. The gradient profile was mod-

ified according to the content of buffer B in the mobile

phase: 0 % at 0.00 min, 100 % at 55 min, 0 % at

55–60.00 min. Absorbance was read at 360 nm and

455 nm, excitation and emission respectively, with a Shi-

madzu fluorescence detector. For glutamine determination,

samples were diluted 109. Samples of 100 lL were used

and concentration was expressed as mean ± SEM, in

nmol/mg protein for intracellular content and lmol/dL for

extracellular medium. The amino acids appear in the

chromatogram in the following order: Asp; Glu; Ser; Gln;

Gly; Ala; Tyr; Val; Phe; Ile; Leu; Orn and Lys.

HPLC Procedure—Purines

The assay was performed in culture supernatant in order to

measure the ATP, ADP and ADO concentration, according

to Domanski and colleagues [19]. Analyses were performed

with a Shimadzu LC-20A series chromatography system,

consisting of a quaternary gradient pump with vacuum

degassing and piston desalting modules, auto injector and

UV detector. Separations were achieved on a reverse-phase

column (Supelcosil LC-18, 250 mm 9 4.6 mm, Supelco).

The mobile phase flowed at a rate of 1.2 mL/min and the

column temperature was 24 �C. Buffer composition was:

(a) 150 mmol/L phosphate buffer, pH 6.0, containing

150 mmol/L potassium chloride and (b) 15 % acetonitrile in

buffer A. The gradient profile underwent the following

changes of buffer B in the mobile phase: 0 % at 0.00 min,

2 % at 0.05 min, 7 % at 2.45 min, 50 % at 10.00 min,

100 % at 11.00 min, and 0 % at 12.40 min. Samples of 20

lL were injected. Absorbance was read at 254 nm. Con-

centrations of purines are expressed as mean ± SEM in

lmol/dL.

AChE Activity Assay

For the AChE assay, the cells were homogenized in ten

volumes of 0.1 mM potassium phosphate buffer, pH 7.4,

and centrifuged for 10 min at 10009g. The supernatants

were used for the enzymatic AChE analyses. AChE

activity was determined according to the method of Ell-

man and colleagues [20], with some modifications [21].

Hydrolysis rates were measured at ACh concentration of

0.8 mM in 300 lL assay solution with 30 mM phosphate

buffer, pH 7.5, and 1.0 mM 5,50-dithiobis-(2-nitrobenzoic
acid) (DTNB) at 25 �C. About 15 lL of cell homogenate

supernatant was added to the reaction mixture and

preincubated for 3 min. The hydrolysis was monitored by

formation of the thiolate dianion of DTNB at 412 nm for

2–3 min (intervals of 30 s). Samples were run in tripli-

cate, data are expressed as mean ± SEM, in lmol/h/mg

protein.

Na1/K1-ATPase Activity Assay

The reaction mixture for the Na?/K?-ATPase activity

assay contained 5.0 mM MgCl2, 80.0 mM NaCl, 20.0 mM

KCl and 40.0 mM Tris–HCl, pH 7.4, in a final volume of

170 lL. The reaction was initiated by the addition of ATP.

Controls were carried out under the same conditions with

the addition of 1.0 mM ouabain. The activity was calcu-

lated by the difference between the two assays, as previ-

ously described [22]. Released inorganic phosphate (Pi)

was measured by the method of Chan and colleagues [23].

Samples were run in triplicate. Specific activity of the

enzyme was expressed as mean ± SEM, in nmol Pi/min/

mg protein.

Western Blot Analyses

Cells were solubilized in lyses solution containing 4 %

SDS, 2 mM EDTA, 50 mM Tris–HCl (pH 6.8). Protein

content was measured, the samples were standardized in

sample buffer [62.5 mM Tris–HCl (pH 6.8), 4 % (v/v)

glycerol, 0.002 % (w/v) bromophenol blue] and boiled at

95 �C for 5 min. Samples were separated by SDS/PAGE

(45 mg protein per sample), and transferred to nitrocellu-

lose membranes, as previously described [12]. Adequate
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loading of each sample was confirmed using Ponceau S

staining. Membranes were incubated overnight (4 �C) with
anti-GAT 1 (1:100) or anti-CB 1 (1:100). The membranes

were then washed and incubated with a peroxidase-conju-

gated anti-rabbit immunoglobulin in a dilution of 1:3000

for 2 h. Chemiluminescence signals were detected in an

Image Quant LAS4000 system (GE Healthcare) using ECL

kit.

Calcium Measurement

Calcium intracellular levels were evaluated in 40 lL of

cells homogenate, using the Calcium colorimetric assay kit

from Sigma Aldrich; results are expressed as mean ± SEM

for six experimental determinations performed in duplicate.

Protein Assay

Protein content was measured using Bicinchoninic Acid

method with bovine serum albumin as a standard [24].

Results

Astrocytic Characterization

The morphology of the cultured astrocytes was verified by

immunofluorescence for GFAP, an intermediary filament

of cytoskeleton that is one of the principal markers of

astrocytes in in vivo and in vitro conditions (Fig. 1a).

Additionally, to insure that cells expressed an astrocytic

phenotype, we determined the presence of the two major

glutamate transporters, GLAST (Fig. 1b) and GLT 1

(Fig. 1c).

Amino Acids and Purine Profile

With regard to gliotransmission, we determined the con-

centration of amino acids in the intra and extracellular

medium of the astrocyte cultures. Figure 2a shows the

chromatogram for the thirteen amino acids measured in the

intracellular content. Figure 2b shows their quantification

in nmol/mg protein: Ala 206.5 ± 22.0; Asp 15.7 ± 1.2;

Gln 12016.2 ± 1114.3; Glu 157.3 ± 17.1; Gly

484.0 ± 18.1; Ile 143.7 ± 9.4; Leu 197.5 ± 11.4; Lys

292.0 ± 14.5; Orn 68.7 ± 4.3; Phe 112.9 ± 7.2; Ser

122.8 ± 3.7; Tyr 97.3 ± 6.7 and Val 202.4 ± 11.0. Fig-

ure 3a shows the chromatogram for the thirteen amino

acids measured in the extracellular medium. Figure 3b

shows their quantification in lmol/dL: Ala 34.3 ± 3.5; Asp

1.07 ± 0.28; Gln 4795.7 ± 427.5; Glu 9.3 ± 2.1; Gly

70.2 ± 12.1; Ile 23.1 ± 5.1; Leu 29.6 ± 6.8; Lys

42.4 ± 8.5; Orn 10.3 ± 2.1; Phe 15.8 ± 2.7; Ser

19.9 ± 3.7; Tyr 14.6 ± 2.4 and Val 29.9 ± 5.5.

Figure 4 depicts the extracellular concentrations of

ATP, ADP and ADO. The values obtained for ATP, ADP

and ADO in extracellular medium were, respectively,

646.5 ± 22.7; 126.28 ± 32.1 and 56.2 ± 5.68 nmol/dL.

Calcium and Enzymatic Measurement

Enzymatic activity was measured in the adult astrocytes as

depicted in Table 1. AchE can end acetylcholine signaling;

therefore, the findings that adult astrocytes presented an

AchE enzymatic activity of 2.50 ± 0.15 lmol/h/mg pro-

tein indicates that these cells may modulate the cholinergic

system. Na?/K?-ATPase maintains the sodium and potas-

sium transmembrane gradients needed for the functionality

of the nervous tissue, and its basal value in astrocyte

Fig. 1 Astrocyte characterization. Under normal conditions, primary

adult astrocytes present a polygonal-to-fusiform and flat morphology.

a Astrocytes present intense immunolabeling for GFAP. The cells

express (b) GLAST and (c) GLT 1. Nuclei were counterstained with

DAPI (blue). Scale bar 50 lm (Color figure online)
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Fig. 2 Amino acid separation

of intracellular medium of adult

astrocyte cultures by HPLC.

a Representative chromatogram

showing the amino acids

separation (inset shows

glutamine dosage, which was

performed by dilution).

b Concentration of each amino

acid in the intracellular medium

(nmol/mg protein). Data are

presented as the means ? SEM,

n = 5

Fig. 3 HPLC procedure for

amino acid separation in the

extracellular medium of adult

astrocyte cultures.

a Representative chromatogram

showing the amino acid

separation (inset shows

glutamine dosage, which was

performed by dilution).

b Concentration of each amino

acid in the extracellular medium

(lmol/dL). Data are presented

as the means ? SEM, n = 5
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cultures was found to be 42.33 ± 4.33 nmol PI/min/mg

protein. The concentration of intracellular calcium, fun-

damental for glial functionality as well as gliotransmission

in adult astrocytes, was 125.54 ± 1.14 nM (Table 1).

Neurotransmitter Receptor Expression

To investigate GABAergic transmission in adult astrocytes

functionality, we determined the expressions of the GAT 1

transporter and of the CB 1 receptor by immunoblotting.

Figure 5a shows that adult astrocytes expressed the GAT 1

transporter, the classical GABA transporter described for

astrocytes. However, adult astrocyte cultures did not

express the CB 1 receptor, which controls cannabinoid

actions in astrocytes (Fig. 5b).

Discussion

Numerous studies, conducted in primary cultures, have

facilitated the progress of astrocytic biology comprehen-

sion, both under physiological and pathological conditions.

We, herein, investigated some parameters related to cel-

lular functionality in astrocyte cultures prepared from adult

rats to determine their amino acid and purine profiles,

neurotransmitter management and enzymatic activity. We

firstly determined the presence of important astrocytic

markers in the cells (Fig. 1a). GFAP staining shows that

the adult cultures present typical polygonal-to-fusiform and

flat morphology. The presence of the glutamatergic trans-

porters also confirmed the astrocytic character of the cul-

tures (Fig. 1b, c).

In addition to its pivotal role in neurotransmitter man-

agement, astrocytes also manage gliotransmitters. Several

molecules are known to act as gliotransmitters, and these

may be exchanged through GAP junctions for communi-

cation between astrocytes and/or for communication

between astrocytes and other types of cells. Our data

indicate the presence intra and extracellular aspartate,

glutamate, D-serine and glycine in the cell cultures (Fig. 2,

3). Furthermore, it has been reported that astrocytes dis-

charge gliotransmitters to modulate or respond to neuronal

activity; these gliotransmitters activate receptors located at

several sites of surrounding cells, leading to alterations in

synaptic transmission and plasticity, therefore, turning

astrocytes into active elements in brain functionality [2].

Fig. 4 Measurement of purines in the extracellular medium of adult

astrocyte cultures. After cells reached confluence, the extracellular

ATP, ADP and ADO concentrations in extracellular medium were

determined: 646.5 ± 22.7; 126.28 ± 32.1 and 56.2 ± 5.7 nmol/dL,

respectively, whereas basal values for these purines in DMEM/F12

20 % FBS are, 543.5 ± 52.3; 217.3 ± 41.5 and 52.3 ± 0.4 nmol/dL,

respectively. Data are presented as the mean ? SEM, n = 5

Table 1 Cellular parameters in

adult astrocyte cultures
Cellular parameter Adult astrocytes

AchE activity (lmol/h/mg protein) 2.50 ± 0.15

Na?/K? ATPase activity (nmol PI/min/mg protein) 42.33 ± 4.33

Intracellular calcium (nM) 125.54 ± 1.14

AchE and Na?/K? ATPase activities were measured as described in the experimental procedures sec-

tion. Intracellular calcium was measured by colorimetric assay. Data are presented as the mean ± SEM,

n = 5

Fig. 5 Neurotransmitter transporters in adult astrocyte cultures.

Representative immunoblot band for a GAT 1 and b CB 1. The left

band represents rat cortex homogenate and the right band represents

adult astrocyte culture. Adult astrocytes express the GABA trans-

porter 1 (GAT 1), however they do not express the cannabinoid

receptor 1 (CB 1); n = 5
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Glutamine is the major amino acid present in the intra-

cellular and extracellular medium of the cultures, consis-

tent with its role in glutamate–glutamine cycle (closely

associated to glutamine synthetase activity [26]) and its

ability to act as ammonia carrier. Glycine, the second most

abundant amino acid, besides being a gliotransmitter, is a

glutathione precursor and, therefore, essential for astrocytic

function, as glutathione is an important antioxidant in the

brain. Glutamate, aspartate and D-serine, some of the

principal gliotransmitters, are present in low concentra-

tions, as are the branched-chain amino acids isoleucine,

leucine and valine.

In addition to its classical energetic role, ATP has also

been demonstrated to act as a gliotransmitter, and when

released from astrocytes may act in a bidirectional fashion,

regulating neuronal excitability depending on concentra-

tion. In the astrocyte cytosol, ATP is produced via gly-

colysis and oxidative phosphorylation and reaches high

cytosolic concentrations, thus establishing a concentration

gradient favoring its exit from the cell [25], as also

observed in the present study, under in vitro conditions.

Some studies have shown that, once released, ATP is

rapidly converted into ADO; however, the quantity of ATP

measured was higher than that of ADO. As such, this

signaling might be lost in astrocytes when in vitro (Fig. 4).

Moreover, all synapses in the CNS are highly dependent on

ATP and approximately 60 % of ATP produced in the CNS

is consumed by Na?/K?-ATPase. For this reason, we

measured Na?/K?-ATPase activity, under basal condi-

tions, due to its vital role in cellular physiology, especially

considering that astrocytes interact with neurons to pro-

mote the clearance of synaptically-released glutamate, in

association with the co-transport of Na? ions. Together

with Ca2?, Na? regulates the communication between

astrocytes and neurons, since the intracellular levels of

these ions rise when stimulation occurs at the tripartite

synapse. After the entry of Na? ions into the cytosol, the

basal concentration of Na? must be restored; the Na?/K?-

ATPase acts as the major transporter of Na? ions in

astrocytes, and the activity of this enzyme is essential for

the function of glutamate transporters. Since the clearance

of glutamate from the synaptic cleft is a function of

astrocytes, Na?/K?-ATPase might be impaired in aging

and in neuropathological conditions, where excitotoxicity

is an ordinary feature.

Previous studies have shown that astrocytes take up

glutamate and GABA in physiological conditions; more-

over, astrocytes play a pivotal role in the synthesis of these

neurotransmitters, since they express glutamine synthetase,

which provides the precursor for both glutamate and

GABA [26]. Once taken up by astrocytes, GABA is com-

pletely metabolized to yield energy, whereas glutamate

may, besides being metabolized via the tricarboxilic acids

cycle, also replenish neurotransmitter pools via the gluta-

mate–glutamine cycle or be used as a substrate for glu-

tathione synthesis. We, herein, showed that astrocyte

cultures express the GAT 1 protein, the major astrocytic

GABA transporter (Fig. 5).

In addition to controlling the glutamatergic and

GABAergic systems, astrocytes may also control the

cholinergic system, since they present AchE activity, as

shown in Table 1. The brain cholinergic system may

modulate several important functions such as learning,

memory, control over cerebral blood flow and inflamma-

tory response; thus, our findings indicate that, even after

weeks in culture, astrocyte cultures from adult animals

continue to play roles that are important for neurotrans-

mitter management. As such, our data indicate that these

astrocytes are functional and suitable to better comprehend

adult and aged brain.

Astroglial cannabinoid signaling plays a role in the

modulation of synaptic plasticity, Ca2? signaling and in the

communication between astrocytes and neurons, through

the release of gliotransmitters, via the cannabinoid recep-

tors CB 1 and CB 2. Previous studies have shown that

astrocytes from different brain regions may present either

CB 1 or CB 2, where the CB 1 receptor is involved in the

exocytosis of gliotransmitters, and, hence, in synaptic

plasticity [27]. Herein, we have not found the presence of

CB 1 in adult astrocyte cultures under basal conditions; this

lack of receptor expression may compromise some astro-

cytic functions, particularly those related to neuroprotec-

tion. In fact, adult astrocytes culture and astrocytes aged

in vitro have already demonstrated less capacity of fulfill-

ing neuroprotective roles and perhaps the loss of CB 1

through the process of adaptation to the in vitro condition

may be related to that constraint [13, 28].

Calcium signaling constitutes a primitive pathway of

cellular communication that is conserved in most living

organisms [29]. Several events are able to transiently ele-

vate cytosolic Ca2? in the astrocyte intracellular medium,

including synaptically released neurotransmitters and

neuromodulators and retrograde messengers such as

endocannabinoids [1]. In order maintain a low Ca2?

threshold to permit [Ca2?] changes in the cytosol, Ca2?

concentrations must be kept low, with the extracellular

concentration being *10,000–20,000 times higher than

the intracellular concentration. Accordingly, herein we

showed that adult astrocytes cultures maintain their intra-

cellular levels of Ca2? at around 125 nm, in line with

previous reports [29]. This large difference between intra

and extracellular medium [Ca2?] allows the rapid pro-

gradient diffusion of Ca2? ions into the cells, to induce

intracellular signaling.

Figure 6 summarizes the findings of our research group

concerning the main properties of cultures of astrocytes
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from adult rats. Since we showed here that adult astrocytes

possess and release gliotransmitters and are able to affect

synaptic communication, not only at glutamatergic sites,

we provide some evidence that this methodology is suit-

able for the routine study of the physiology and pathology

of astrocytes. These cultures are an innovative and func-

tional tool to study the cellular, biochemical and molecular

properties of adult and aged brains; and further studies may

employ these cultures for investigations of astrocytic

biology, to characterize the roles of these cells in aging and

senescence.
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